Abstract
Introduction
Identified in the 1950s, caveolae are 50-80 nm diameter plasma membrane invaginations that are morphologically distinct from clathrin-coated pits [1] . Caveolae are cholesterol-and sphingolipid-rich and considered a subdomain of plasma membrane microdomains or lipid rafts. Lipid rafts have been defined as 'small (10-200 nm) heterogeneous membrane domains enriched in sterol and sphingolipids that are involved in the compartmentalization of various cellular processes' [2] . [6] . Two other proteins of the same family also exist. Caveolin-2 (Cav2) facilitates but is not essential for caveolae formation [7] [8] [9] . is specifically expressed in muscle [10] . Cav1 is a scaffolding protein that oligomerizes at the plasma membrane [11] . Caveolae are highly immobile at the plasma membrane [12] and Cav1 has been proposed to be a negative regulator of raft-dependent endocytosis [13, 14] . However, upon activation by SV40, Cav1 mobility at the cell surface is greatly increased [15] . There is also evidence for raft-dependent endocytic pathways independent of Cav1 that are mediated by distinct carrier vesicles [16] [17] [18] [19] . In this review, we will characterize the various raft-dependent endocytic pathways and discuss their regulation.
Multiple studies have described the role of caveolae and rafts in the endocytosis of various ligands (for reviews see refs. [3-5]). Several raft-dependent pathways have been described and raft ligands are quite liberal in their selectivity for a particular route of entry into the cell. The extent and nature of raft-dependent endocytosis is regulated by various cellular components that include caveolin-1 (Cav1), cholesterol and dynamin as well as regulators of the actin cytoskeleton.

Cav1 is the major component of caveolae and its expression is essential for the formation of caveolar vesicles. An absence of caveolae is noted in cells that do not express Cav1 and its reintroduction into these cells induces caveolae formation at the plasma membrane
Raft-dependent endocytosis encompasses various pathways
Internalization of molecules via clathrin-coated pits is the best studied endocytic pathway [20] . Various other pathways, commonly referred to as clathrinindependent, have been identified and are under intense investigation. Some of these pathways are cholesterol-sensitive and therefore considered to be raft-mediated. It is important to recognize that clathrin-mediated endocytosis is also sensitive to acute depletion of cholesterol [21, 22] and that raft recruitment has been shown to precede clathrindependent endocytosis for EGFR, BCR and anthrax toxin [23] [24] [25] . In addition, macropinocytosis, involving Rac1-dependent membrane ruffling at the plasma membrane, can be cholesterol-sensitive, potentially defining another dynamin-independent raft pathway [26, 27] . However, macropinocytosis has been shown to be dynamin-dependent in NIH-3T3 and HUVEC cells [28, 29] [34] . When stimulated by SV40, caveolin, dynamin and actin are recruited sequentially to the caveolae [34] . The raft-dependent endocytic pathway of cholera toxin b-subunit (CT-b) has also been characterized as a dynamin-dependent, caveolar pathway [19, [35] [36] [37] . Albumin is internalized via a dynamin-dependent pathway that requires caveolin [38] . In lymphocytes lacking Cav1, endocytosis of the interleukin-2 receptor occurs via a clathrin-independent, cholesterol-sensitive pathway that requires dynamin and is regulated by the RhoA GTPase [39] . In NIH-3T3 cells, the autocrine motility factor receptor is localized to caveolae and internalization of its ligand, AMF, is cholesterol and dynamin-dependent and negatively regulated by Cav1 expression [13, 40] .
A raft-dependent, dynamin-independent pathway has also been described for 17] that exhibits similarity to a Cdc42-dependent pathway followed by GPI-anchored proteins (GPI-AP) and fluid phase markers [41] . In fibroblasts from Cav1 knockout mice, SV40 exploits an alternate, [48] [49, 50] . Recruitment of SV40 to caveolae induces the transient, localized breakdown of the actin cytoskeleton [51] . Actin depolymerization also induces internalization of tight junction proteins via a caveolae-dependent pathway [52] . However, earlier work showed that disruption of the actin cytoskeleton by cytochalasin D in A431 cells inhibited alkaline phosphatase uptake via caveolae [37] . The submembrane actin cytoskeleton would therefore appear to be a critical regulator of the endocytic potential of caveolae. [53] . The Menkes disease ATPase (ATP7A) uptake can be inhibited by a Rac-1 dominant negative mutant [54] .
Fig. 1 Raft-dependent endocytosis and its regulation by Cav1. (A) Several endocytic pathways are characterized as raft-dependent and mediate the uptake of various ligands, including but not limited to those indicated. These include dynamin-dependent pathways that invoke caveolae or non-caveolin vesicular intermediates and that can be referred to as caveolae/raft-dependent endocytosis [14]. Dynamin-independent pathways invoke non-caveolar tubular intermediates. While similar mechanisms control the uptake of the indicated raft-dependent ligands, they are not necessarily internalized by the same raft domains or follow similar intracellular targeting routes. (B) Cav1 may negatively regulate uptake via the dynamin-dependent, non-caveolin pathway by either stabilizing raft invaginations at the cell surface (1) or by sequestering key components, including cholesterol, dynamin and others, required for raft-dependent uptake (2). Cholesterol is not shown in the flat
. More recently, TIRF microscopy was used to show that reversible caveolae budding is limited to the subplasma membrane region by the underlying actin cytoskeleton [15]. Disruption of the actin cytoskeleton induces rapid internalization of caveolar vesicles
Several raft-dependent endocytic pathways are regulated via Rho family GTPases. GPI-anchored proteins have been shown to be internalized via a Cdc42-regulated pathway that is independent of Rho and Rac [41]. RhoA regulates IL-2 receptor internalization [39] and CT-b endocytosis to the Golgi apparatus in Cos-1 cells is dependent on RhoG
Constitutively active Rac and RhoA also downregulate clathrin-dependent endocytosis [55]. Differential expression and local activation of Rho family GTPases may be a key determinant of the cell type specificity of raft-dependent endocytosis.
Threshold levels of Cav1 and cholesterol regulate caveolae formation [56, 57] [63] . It is possible that Cav1 regulation of raft endocytosis is linked to its ability to sequester cholesterol in raft domains (Fig. 1B) . In biological membranes, the ratio between cholesterol and phospholipids is maintained slightly below 1:1 [64] . When in excess and therefore free from interaction with phospholipids, cholesterol shows a higher chemical activity [65] . This pool has been described as active cholesterol [65] [66] [67] [68] . Cav1 may therefore regulate cholesterol-dependent processes, such as raft endocytosis, through sequestration of active cholesterol.
Caveolae budding from the plasma membrane and subsequent internalization requires dynamin II [36] . [69] . Several studies have shown that overexpression of Cav1 is associated with reduction, even inhibition of raft-dependent endocytosis [13, 17, 38, 46] (Fig. 1B) [72] .
Expression of the K44A dynamin mutant increases the number of caveolae in caveolinexpressing NIH-3T3 cells as well as the formation of morphologically similar invaginations in Ras and Abltransformed NIH-3T3 cells expressing little caveolin [13]. Indeed, caveolae-like structures in cells devoid of caveolin have been reported
. Cav1 overexpression was also found to inhibit the non-caveolar, dynaminindependent endocytosis of CT-b [17]. Reduction of Cav1 levels in mammary tumor-derived cell lines is associated with both increased plasma membrane mobility and raft-dependent uptake of CT-B to the Golgi apparatus. Interestingly, regulation of CT-b mobility and endocytosis in these cells occurred at Cav1 levels below the threshold for caveolae formation (Lajoie, Nim and Nabi, unpublished). This suggests that Cav1 may act indirectly to regulate raft-dependent endocytosis by impacting on the composition and endocytic potential of non-caveolar raft domains
Activation of v-Src in Rat-1 cells is responsible for
Cav1 phosphorylation and is associated with loss of plasma membrane caveolae [73] . In addition, Cav1 phosphorylation on tyrosine 14 is associated with flattening, aggregation and fusion of caveolae vesicles [74] . However, in pancreatic cancer cells, EGF stimulation of Src-mediated Cav1 phosphorylation leads to a marked increase in the number of assembled caveolae at the cell surface [75] . Src kinase regulation of transcytosis of albumin across the endothelial cell monolayer is associated with Cav1 phosphorylation [70] . Src kinase activity is also required for stimulation of caveolae internalization by glycosphingolipids and cholesterol [60] . However, whether Cav1 tyrosine phosphorylation is a critical regulator of caveolae internalization remains to be determined. SV40 recruitment to caveolae stimulates local tyrosine phosphorylation. Tyrosine phosphorylation inhibitors do not prevent SV40 recruitment to caveolae but do prevent recruitment of dynamin to caveolae suggesting that tyrosine phosphorylation is crucial for dynamin-dependent caveolae budding [51] . Similarly, the Src-dependent internalization of albumin via a Gi-coupled pathway requires interaction of its receptor, gp60, with Cav1 [38, 76] . Dominant negative Src reduces phosphorylation of dynamin-2 and dynamin-2 association with Cav1 resulting in reduced albumin uptake [77] . This suggests that tyrosine phosphorylation regulates caveolar budding by controlling dynamin recruitment to caveolae. However, the requirement for tyrosine kinases in the raft-dependent uptake of AMF in cancer cells expressing low levels of Cav1 [78] and in the dynamin-independent raft uptake of SV40 [80, 81] . Sequestration of EGFR and TGF␤R to caveolae and interaction with Cav1 is associated with inhibition of signaling capacity [76, [82] [83] [84] . These studies were later confirmed when it was shown that Cav1 was able to induce sequestration of the receptor [85] and to directly bind EGFR [86, 87] . Moreover, the second cysteine region of EGFR contains sequences that target the receptor to caveolae/raft domains [88] . Upon stimulation with EGF, EGFR is no longer localized in low density raft fractions, consistent with its migration from caveolae to clathrin coat pits upon stimulation [83] . Alternatively, Cav1 may indirectly regulate EGFR signaling through regulation of the cholesterol content of lipid rafts [89] .When stimulated with a high EGF dose, EGFR is internalized via a caveolae/raft-dependent pathway associated with ubiquitination of the receptor [90] . Similarly, clathrin-dependent uptake of TGF␤R is associated with subsequent signaling events via Smad2 phosphorylation in EEA1-positive endosomes while its caveolae/raft-dependent is associated with receptor degradation through binding to the smad7-smurf2 complex [82] . Raft-dependent endocytosis is therefore both regulated by and impacts on cell signaling. 
Conclusion
Raft-dependent endocytosis includes various choles
